In a single-dosing crossover study, we investigated the ability of apple fruit consumption to protect human lymphocytes against peroxide-induced damage to DNA. Six healthy, non-smoking male volunteers were placed for 2 d on an antioxidant-poor (AP) diet. After 48 h of AP diet, the volunteers were required to consume a homogenate obtained from 600 g of red delicious unpeeled apples or water (500 ml); blood samples were collected 0, 3, 6 and 24 h post-consumption. To evaluate whether the apple intake was sufficient to restore resistance of DNA to oxidative damage, for each subject at any time point the plasma total antioxidant activity, reactive oxygen species (ROS) formation and induction of micronuclei (MN) in isolated lymphocytes following hydrogen peroxide (H 2 O 2 ) treatment were measured. Results indicated a significant inhibition (58 %, P ,0·05) of H 2 O 2 -induced MN frequency in the plasma samples collected at 3 h after apple consumption, as compared with plasma samples collected at 0 h (4·17 (SD 1·83) v. 9·85 (SD 1·87) MN/1000 binucleated (BN) cells, respectively). A gradual return towards the value observed at 0 h was recorded starting from 6 to 24 h. MN frequency induced by H 2 O 2 was significantly influenced by plasma total antioxidant activity (r ¼ -0·95, P ,0·05) and by the increase of intracellular ROS formation (r ¼ 0·88, P ,0·05). These findings suggest that the consumption of whole apple provides a useful dietary source of active scavengers to protect cells and tissue from oxidative stress and related DNA injury.
A considerable body of evidence indicates that the risk of degenerative diseases is considerably lower in people who consume antioxidant-rich fruits and vegetables and it has been proposed that extra health benefits may derive from aboveaverage intake of these compounds (Peto et al. 1981; Block et al. 1992; Hertong et al. 1995; Steinmetz et al. 1996; WCRF/AICR, 1997; Terry et al 2001; Bazzano et al. 2002; Knekt et al. 2002; Collins et al. 2004) . Food components can modulate the maintenance of the oxidant-antioxidant balance and may thereby influence the health status. Oxidative reactions are of major significance in human pathophysiology, and oxidative stress has been linked to diseases such as atherosclerosis, diabetes, cancer and tissue damage in rheumatoid arthritis (Hertog et al. 1993 (Hertog et al. , 1995 Knekt et al. 1996; Scalbert et al. 2005) . In the field of cancer, it is accepted that both genotoxic and non-genotoxic carcinogens act through the induction of DNA oxidative damage (Ames et al. 1995; Duthies et al. 1996; Collins & Ferguson, 1998) .
Epidemiological studies have shown only an association between total intake of fruit and vegetables and beneficial effects, with limited evidence linked to individual phytochemicals. Large-scale intervention trials have failed to show decreased cancer risks following selective vitamin and antioxidant supplementation (Omenn et al. 1996; Jacobson et al. 2000; Galati & O'Brien, 2004) . These results confirm that the dietary intake of antioxidant-rich food (rather than single antioxidant supplementation) can be a means of improving the health of individuals and of preventing or reducing the risk of chronic diseases. The antioxidant activity of pure antioxidant compounds has been studied in cell cultures, but human studies are needed to evaluate the biological effects of the complex mixture in which they occur in real food.
Apples are one of the main sources of dietary antioxidants, the polyphenolic compounds, in the Western diet (Art et al. 2001; Boyer & Liu, 2004) . Gallus et al. (2005) found a consistent inverse association between apple consumption and risk of various cancers. Fresh apples have been shown to provide greater levels of antioxidants and anticancer activity in vitro than are provided by dietary supplementation of vitamin C (Eberhardt et al. 2000) , suggesting that phytochemicals (phenolic acids and flavonoids) other than ascorbic acid interact in a synergistic manner to provide biological effects. Apple polyphenol extracts were demonstrated to prevent damage to human gastric epithelial cells in vitro and to rat gastric mucosa in vivo (Graziani et al. 2005) . Assessment of antioxidant bioactivity in vitro, measured in terms of intracellular antioxidant, cytoprotective and antiproliferative activity in human colon carcinoma cells, showed strong, time-related decreases for all three parameters by whole apple homogenates (Hrelia et al. 2003; Tarozzi et al. 2004) . Whether apples have a protective effect against oxidative stress-related injury in humans is still unproven.
Therefore, we performed a single-dosing crossover study to investigate the ability of whole apple fruit to prevent hydrogen peroxide-induced damage to DNA in humans. An ex vivo approach was adopted -utilising plasma and lymphocytes from peripheral blood of healthy volunteers -to study total plasma antioxidant activity alongside exogenously induced reactive oxygen species (ROS) formation and DNA damage in separated lymphocytes.
Materials and methods

Subjects and study design
Six healthy, non-smoking male volunteers aged 29·7 (SD 4·5) years (range: 25 -37 years) with a mean BMI of 23·5 (SD 2·0) kg/m 2 (range: 21·6-27·2 kg/m 2 ) participated in a single-dosing crossover study, which was performed according to the Declaration of Helsinki. All participants were informed of the study aims and provided written informed consent. Each individual was interviewed in-depth by a specialised physician who filled in a structured questionnaire to exclude the following characteristics: exposure to diagnostic/therapeutic X-rays or chemotherapeutic drugs in the previous 3 months; current use of nutritional supplements, deficient diet or peculiar dietary habits; past/present smoking status; chronic or metabolic disease; and occupational exposure to genotoxic compounds. All volunteers had a normal-caloric diet, and were regular consumers of all the food categories (vegetables, fruit, meat, milk, cheese, eggs, pasta and bread). They were moderate consumers of wine and/or beer (,1 l per week), but did not consume spirits.
The experimental protocol followed a single-dosing crossover design as summarised in Fig. 1 . The volunteers were initially required to provide a blood sample after an overnight fast, following which they were placed for 2 d on an antioxidant-poor (AP) diet, since the antioxidant effects of apples may be more easily observed when the status in other antioxidants is low. The foods that were allowed in the AP diet are listed in Table 1 . After 48 h of AP diet, a second fasted blood sample was taken. Ten minutes later, subjects were randomly assigned (three subjects per group) to consume either a homogenate obtained from 600 g of fresh red delicious unpeeled apples (the equivalent of five pieces of fruit, obtained from a local market) or 500 ml of water. For the preparation of the homogenate, unpeeled apples were cut into small pieces, briefly blended, and then the homogenate was immediately consumed by the subjects. The amount of apples selected for the study is a large portion, that is not always easy to eat in a single intake; however, the homogenate allowed a quick and easy consumption of apples in large quantities. Further blood samples were taken 3, 6 and 24 h after the drink, while still on the AP diet. Volunteers then returned to their normal diets for a 1 week wash-out period, after which the intervention was repeated with a crossover in the type of drink taken.
Blood processing
Venous peripheral blood samples were collected by medical workers in heparinised tubes and were coded. Processing and scoring of the samples were performed blind and concurrently. At the end of the study, the data from the questionnaire were linked to the code number for data analysis. Within 30 min of collection, blood samples were centrifuged (1500 g, 15 min, 4 8C) to obtain the plasma and buffy-coat from each sample. Each plasma sample was removed and divided into two aliquots: one for H 2 O 2 challenge and the other for biochemical analysis. The buffy coat was mixed with physiological solution (0·09 % NaCl), and carefully layered onto a Hystopaque 1077 gradient (Sigma-Aldrich, St Louis, MO, USA) to isolate the peripheral lymphocytes. After centrifugation for 30 min at 1800 r.p.m., the lymphocytes were collected, washed (with RPMI 1640 medium), centrifuged and divided into two aliquots: one for micronuclei (MN) assay, the other to determine the ROS formation induced in vitro by H 2 O 2 .
Determination of plasma total antioxidant activity
Total antioxidant activity -a marker of plasma antioxidant status -was measured as reported by Re et al. (1999) This method is based on the ability of the antioxidant molecules 
Determination of intracellular ROS formation
Formation of intracellular ROS was determined using the fluorescent probe 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCFH-DA), as previously reported (Rosenkranz et al. 1992) . Briefly, freshly isolated human lymphocytes were suspended at a concentration of 1 £ 10 6 cells/ml in 2 ml of Hank's balanced salt solution (HBSS) and incubated for 30 min with DCDHF-DA (10 mmol/l) at 37 8C in the dark in a multiwell plate. After removal of DCFH-DA, the lymphocytes were washed with phosphate-buffered saline and incubated with H 2 O 2 (100 mmol/l) in HBSS for 30 min at 37 8C. The fluorescence of the cells from each well was measured using 485 nm excitation and 535 nm emission with a microplate spectrofluorometer (VICTOR3 Ve Multilabel Counter, Perkin Elmer, Wellesley, MA, USA). The values were expressed as the percentage increase of intracellular oxidative species evoked by exposure to H 2 O 2 and calculated by the formula [100 £ (F t -F nt )/F nt ], where F t ¼ fluorescence of treated lymphocytes and F nt ¼ fluorescence of non-treated lymphocytes.
MN assay
The cytokinesis-block MN assay in human lymphocytes is a multi-end-point assay that can measure DNA damage (chromosome damage) after oxidative stress, along with the morphological evaluation of necrosis and apoptosis, in cells that have completed nuclear division Fenech et al. 1999) . MN are efficiently expressed in dividing cells when chromosome breaks are induced by hydroxyl radicals. The induced chromosome breaks lag behind at anaphase in dividing cells and are subsequently packaged within nuclear membranes to produce MN.
To measure baseline MN frequencies, aliquots of lymphocytes (1 £ 10 6 ) collected and isolated at each time point were cultured directly in an RPMI 1640 medium (5 ml) containing 15 % fetal calf serum, 1 % phytohaemmaglutinin, L-glutamine 1 mmol/l, 100 U of penicillin and 100 mg/ml streptomycin (all purchased from Sigma-Aldrich). Cultures were incubated with 5 % CO 2 at 378C for 72 h.
To test the effect of the H 2 O 2 challenge, lymphocytes (1 £ 10 6 ) from each collection were added to the same donor's plasma (1 ml) taken at the same time point, stored at 37 8C, and then incubated for 30 min to allow metabolites in plasma and cells to equilibrate. Cells were then treated with either (1) H 2 O 2 (700 mmol/l) from a freshly prepared stock solution in HBSS; or (2) the same volume of HBSS without H 2 O 2 .
The selection of the dose of 700 mmol/l H 2 O 2 was based on preliminary dose-response studies with/without H 2 O 2 challenge (dose range: from 100 to 1000 mmol/l). It has been found that 700 mM induced a significant increase of MN frequency in the lymphocytes from each volunteer without causing cytotoxicity or markedly diminishing the frequency of the BN cells used for MN scoring (data not shown). Furthermore, the dose of H 2 O 2 (700 mmol/l) has been previously used by Fenech et al. (1997) . A higher dose of H 2 O 2 was used in these experiments because the lymphocytes were much less sensitive to this agent when incubated with plasma relative to incubation in HBSS selected for the determination of intracellular ROS formation.
After 30 min, the lymphocytes were transferred into the culture medium used for MN measurement (described above) and incubated with 5 % CO 2 at 37 8C for 72 h.
In all cultures, cytochalasin-B (Sigma-Aldrich) was added (final concentration 6 mg/ml) for the last 28 h. Cells were then collected and treated with a mild hypotonic treatment (RPMI1640 medium -distilled water, 50:50 v/v) and fixed with a mixture of methanol/glacial acetic acid, as previously described (Fenech & Morley, 1985) . The slides were prepared by cytocentrifuge, air-dried, and stained by conventional May-Grünwald Giemsa staining (Sigma-Aldrich).
In accordance with standard criteria, MN analysis was performed on coded slides by scoring 1000 BN lymphocytes for each of the two duplicate cultures. Cell division frequency is shown as the percentage of viable (non-apoptotic/non-necrotic) cells that are binucleated (% BN). Apoptosis and necrosis are expressed as percentages of the total cell number. Total cell numbers included mononuclear cells, BNs, other multinucleated cells, apoptotic and necrotic cells . All assays were performed in duplicate cultures.
Statistical analysis
Values are means and standard deviations. Paired data t test was performed to analyse the time-response data. Pearson's regression analysis was used to evaluated the influence of the plasma total antioxidant activity and H 2 O 2 -induced intracellular oxidative species formation on MN frequency induced by H 2 O 2 . Statistical analysis was conducted using GraphPAD Prism-3.02.
Results
Effect of apple consumption on plasma total antioxidant activity
As reported in Fig. 2 , an AP diet significantly reduced the plasma total antioxidant activity in terms of TEAA (appleassigned subjects, 1·69 (SD0·05) (-48 h) v. 1·59 (SD 0·04) mmol/l (0 h); water-assigned subjects, 1·68 (SD 0·04) (-48 h) v. 1·58 (SD 0·04) mmol/l (0 h); all P , 0·05). Subsequently, after ingestion of water, TEAA values at 3, 6 and 24 h remained similar to those found at 0 h. In contrast, ingestion of apples led to significantly increased plasma TEAA at both 3 h (1·64 (SD 0·02) mmol/l; P , 0·05 v. 0 h) and 6 h (1·64 (SD 0·03) mmol/l; P , 0·05 v. 0 h). Plasma antioxidant activity 24 h after apple intake returned toward the values observed before apple consumption.
Effect of apple consumption on H 2 O 2 -induced intracellular oxidative species formation
As shown in Fig. 3 , an AP diet led to a significant percentage increase of levels of H 2 O 2 -induced intracellular oxidative species (apple-assigned subjects, 22·03 (SD 4·02) % (2 48 h) v. 34·96 (SD 6·87) % (0 h); water-assigned subjects, 23·20 (SD 3·42) % (2 48 h) v. 34·00 (SD 4·85) % (0 h); all P ,0·05). Whereas ROS levels up to 24 h after ingestion of water remained similar to those recorded at 0 h, apple consumption was followed by strongly decreased intracellular ROS levels at both 3 h (17·20 (SD 4·02) %, P , 0·5 v. 0 h) and 6 h (24·04 (SD 3·76) %, P , 0·05 v. 0 h). Intracellular ROS levels recorded 24 h after apple consumption turned out to be the same as those recorded at 0 h.
Effect of apple consumption on H 2 O 2 -induced DNA damage in terms of MN frequency
We first assessed the effects of AP diet followed by ingestion of apples or water on baseline MN frequency in cultures not exposed to plasma or challenged with H 2 O 2 . Baseline MN frequencies and the percentage of BN cells remained similar in lymphocytes collected at each experimental time, regardless of apple or water consumption (data not shown). No effects on the percentage of necrotic or apoptotic cells were recorded (data not shown).
We then analysed the effect of apple consumption on peroxide-induced DNA damage, in terms of MN frequency, in cultured lymphocytes exposed to plasma with/without H 2 O 2 challenge. As reported in Table 2 , the data obtained for plasma in the control cultures that were not exposed to H 2 O 2 after the consumption of apples or water do not suggest any effect on MN frequency. The overall data for the effects of plasma on H 2 O 2 challenge indicated an induced significant increase of MN frequency with respect to the relative controls (cells incubated only with plasma) for all experimental collections. Fig. 4 illustrates the trend observed following apple or water intake. After an AP diet (0 h) significant increases in induced MN frequency (obtained after subtraction of the relative control values) were recorded with respect to 2 48 h (apple-assigned subjects, 2·50 (SD 1·87) v. 9·85 (SD 1·87) MN/1000 BN cells, P , 0·05; water-assigned subjects, 2·33 (SD 1·03) v. 9·50 (SD 1·97) MN/1000 BN cells, P , 0·05).
The results show a significant reduction (58 %; P , 0·05) in the induced MN frequency 3 h after apple intake (4·17 (SD 1·83) MN/1000 BN cells), with a gradual return, 24 h later (9·33 (SD 1·21) MN/1000 BN cells), toward the values observed before apple consumption (0 h). MN frequency in cells incubated with plasma from blood collected at 6 h was intermediate to that observed for plasma collected 3 h after apple consumption.
The plasma collected after the ingestion of water did not alter MN frequency induced by H 2 O 2 at 3, 6 or 24 h, and the values recorded were similar to those at 0 h.
More interestingly, the increase of the frequency of MN induced by H 2 O 2 was significantly influenced by the decrease of the plasma total antioxidant activity (r ¼ -0·95, P, 0·05) and by the increase of H 2 O 2 -induced intracellular ROS formation (r ¼ 0·88, P, 0·05). H 2 O 2 challenge did not influence the proliferation of the lymphocytes, and the %BN cells was similar among all the experimental conditions investigated (data not shown). No significant difference in the percentage of necrotic or apoptotic cells was observed after intake of apples or water (data not shown).
Discussion
Several studies suggest that apples might exert beneficial effects on human health due to their phytochemical content (Fang et al. 2002; Hassimoto et al. 2005) . This singledosing crossover study highlights, for the first time to our knowledge, the ability of unpeeled whole apple intake to restore the antioxidant plasma activity and to confer resistance to lymphocytes against oxidative DNA injury in humans.
Human intervention trials are important tools to identify the antioxidant activities of different foods and their biological effects on humans. Single-dosing crossover studies are adequate as inter-individual variation can be minimized. This type of study design has also been applied by other authors to assess the antioxidant activity of other fruits or drinks (Fenech et al. 1997; Collins et al. 2001) . The inclusion of a placebo group (which can be used in studies with supplements) is not feasible for logistic reasons when foods such as fruit or vegetables are tested (Moller & Loft, 2002; Hoelzl et al. 2005) . Human trials also pose the problem of the compliance of the study population in consuming the food selected in large quantities. In our study, we decided to use an apple homogenate to allow an easy and quick intake of fresh unpeeled apples (600 g) by the six volunteers enrolled in the study. Furthermore, it has been demonstrated that apple homogenate keeps the antioxidant properties (Campanella et al. 2003) .
Apple fruit is a complex mixture containing a variety of potential beneficial compounds, the biological effect of which is dependent on a number of factors, such as bioavailability and the interaction of the various antioxidant compounds. Quercetin is the main bioavailable flavonoid, with a plasma level about 90 ng/ml at 2·5 h after intake of apple fruit, and it is more concentrated in the peel than in the pulp (Gugler et al. 1975; Hollman et al. 1995 Hollman et al. , 1997 . Apples also contain rutin and other glycosides . Also the fructose content has been proven to increase the antioxidant capacity of apples in humans (Lotito & Frei, 2004a) . The superior antioxidant activity of apples with respect to the sum of the antioxidant activities of pure compounds has been demonstrated recently, suggesting a synergistic effect among the various phytochemical compounds (Vanzani et al. 2005) .
Consistent with the observations of a significant decrease in blood resistance to free radicals in healthy individuals eating less than one serving of fruit per day (Lesgards et al. 2002; www. who.int/), our study shows that 2 d of an AP diet can lead to a significant impairment of plasma antioxidant capacity. The observed decline in plasma antioxidant activity correlates with an increased intracellular generation of ROS by an ex vivo exposure to H 2 O 2 . The antioxidant effects of apple consumption are transient, with a maximum at 3 h after ingestion. A similar effect of the antioxidant activity of plasma after consumption of apples was also found by Hollman et al. (1997) and Lotito & Frei (2004b) . These data confirm the important role of repeated intake of apples for maintaining a balance between free radical production and antiradical defences in humans (Ko et al. 2005) . This hypothesis is supported by the bioavailability of quercetin after apple consumption, which showed a long half-life of elimination, suggesting that repeated consumption of apples will cause accumulation of quercetin in blood (Holman et al. 1997) .
Recently, it has been suggested that total plasma antioxidant activity could partly reflect the urate present in plasma (Halliwell, 2003) . A flavonoid and urate antioxidant interplay in plasma oxidative stress has been demonstrated (Filipe et al. 2001) . In particular, preservation of endogenous urate by quercetin correlated negatively with the formation of free malondialdehyde induced by copper, indicating that quercetin protects the hydrophilic antioxidant capability of plasma. The protection of plasma urate levels by quercetin and the antioxidant synergy between flavonoids and urate may contribute to the beneficial effects attributed to flavonoids. Although we have not measured plasma urate levels, the slight (, 4 %), but significant increase in plasma total antioxidant activity could reflect this synergy between urate levels and apple flavonoids.
The hydrogen peroxide challenge provided the opportunity to assess whether substances in the plasma collected after different diet conditions could quench the potential DNAdamaging effect of the generated ROS. Moreover, incubation with the plasma prior to challenge allowed potential exchange of metabolites between cells and plasma. Our results indicate that a 48 h AP diet is sufficient to increase the susceptibility of human lymphocytes to genetic damage, as shown by the main increase in MN frequency induced in vitro by H 2 O 2 recorded at the end of the diet. This is in line with other studies indicating that a low (or lack of) consumption of fruit can alter the equilibrium status of the pro-oxidant/antioxidant system in cells, causing a pronounced impairment of cellular metabolism and significant damage to tissues (Kim et al. 2003) . The ingestion of apple fruit restored the antioxidant defence system in all the volunteers: both plasma and lymphocytes obtained from the six subjects are able to reduce the in vitro genotoxic effects of H 2 O 2 . This phenomenon is associated with both the increase of plasma total antioxidant activity and the decrease of induced intracellular oxidative species formation. In conclusion, although our investigation does not allow us to establish the separate contributions of different dietary components to the potential antioxidant effect of apple, the overall results confirm that the consumption of whole apple provide a useful dietary source of active scavengers to protect cells and tissues from oxidative stress and related DNA injury. However, a larger investigation with more volunteers will be required to confirm the observed effects. From both a clinical and a public health prospective, our findings also highlight the importance and utility of the dietary survey programme recommending a regular intake of fruit and vegetable (e.g. the 'five a day programme') to counteract the effect of ROS and to gain health benefit (Cox et al. 1998) .
